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Poor selectivity and efficiency of gene expression remain major limitations to the successful application of gene therapy, both in vitro and in vivo. 1 Synthetic vector systems based on macromolecular conjugates can be programmed for selectivity, by incorporating specific targeting ligands, [2] [3] [4] but they usually display relatively low efficiency of transfection of target site cells compared with systems such as cationic liposomes. 5 This is largely because typical macromolecular conjugates possess no intrinsic mechanisms for efficient entry into the cytoplasm and subsequent delivery to the nucleus. Several means have been proposed for enhancing transfection efficiency, particularly strategies involving accelerated escape of DNA from intracellular vesicles following endocytic capture. The most widely used approach in vitro is the addition of chloroquine, although the precise mechanism of its activity is still not certain and is the subject of ongoing debate. Chloroquine is a weak base, and its consequent lysosomotropism is assumed to contribute to its activity. 6 However, a simple buffering effect, resulting in inhibition of transfer to the lysosomes cannot provide a complete explanation since there is no innate mechanism for transfer to the cytoplasm. Inhibition of endosomal acidification by bafilomycin is known not to promote transfection activity. 7 One clear possibility is that buffering of the endosomal pH, competing with the continuous acidification process, causes a rise in osmolarity and eventual osmotic lysis of the vesicle, releasing the DNA into the cytoplasm (a mechanism of action similar Correspondence: LW Seymour Received 17 July 1997; accepted 17 November 1997 to that proposed recently for glycerol 7 ). This is an intriguing possibility which explains the relatively long time-course of chloroquine action (see later), however, it fails to explain the inability of other weak bases (eg ammonium chloride) to promote transfection. A recent hypothesis, proposed to explain all of these observations, is that the high levels of choroquine achieved intraendosomally may promote dissociation of the DNA/polycation complex, 8 and the combined effect of vesicular lysis and release of DNA from the polycation contributes to the enhanced transfection activity.
An alternative system for in vitro transfection involves use of membrane-active peptide helices, based on fragments of the influenza virus haemagglutinin. 9, 10 This protein contains a pH-responsive sequence which forms an amphipathic helix at low pH, and is thought to insert into the endosomal membrane, promoting its fusion with the viral membrane. Several sequences of the haemagglutinin have been prepared, and synthetic analogues devised, which are capable of pH-responsive membrane disruption and promoting transfection activity of DNA/ polycation complexes both in vitro 9 and in vivo (PR Dash and LW Seymour, 1997, unpublished results). One particularly useful derivative of a haemagglutinin fragment is the 23-mer sequence known as INF7. We have modified the structure of INF7 by incorporating a serine-glycineserine-cysteine fragment at its C-terminus. The structure of the resulting INF7-SGSC is shown in Figure 1 .
In this study we have examined the actions of both chloroquine and INF7-SGSC individually and in combination, and have made use of microinjection techniques to try and explain the unexpected synergism observed between them (see below). The main cellular model used throughout these studies was the 293 cell, an SV40-transformed human foetal kidney line which can be readily transfected in vitro using poly(l)-lysine (pLL)/DNA complexes. When chloroquine was used alone to promote transfection at a fixed DNA concentration of 2.6 g/ml, pLL/DNA complexes formed at a charge ratio of 4 were found to combine efficient transfection with limited cytotoxicity, using pLL of 22 400 average molecular weight (Figure 2a ). With higher molecular weight pLL, greater transfection activity was observed at increased charge ratios with simultaneously greater cytotoxicity (data not shown), probably reflecting increased surface charge (zeta potential). 11 In this study we have chosen to use pLL of 22 400 or less in order to minimise cytotoxic effects, and under these conditions optimal transfection was achieved after 4-5 h exposure to chloroquine.
With INF7-SGSC, it was found that maximally increased rates of transfection were only observed if the peptide was added to preformed complexes after the pLL and DNA had been allowed to interact, as previously determined by Plank et al. (1994) . 9 This is thought to maximise electrostatic linkage of the anionic peptide to the surface of the complex, an interpretation which is compatible with the observation that greatest transfection was achieved using highly cationic complexes formed at a charge ratio of 4.0 (Figure 2b ). In this study INF7-SGSC was added to complexes at a concentration of 80 m and incubated at room temperature for 20 min, before eightfold dilution for in vitro transfection studies.
The optimal length of exposure time to the different agents also showed noticeable differences. INF7-SGSC began to show an activity after only 1 h incubation, although the effect continued to increase with longer incubation times, up to at least 5 h (Figure 3 ). Conversely, short exposure to chloroquine had no measurable effect and significantly increased rates of transfection only occurred after 2.5 h, with no evidence of further increased activity at greater times.
Chloroquine is thought to mediate its effects, at least in part, by buffering the fall in endosomal pH, whereas INF7-SGSC is thought to require falling pH to activate its major fusigenic function. Since chloroquine has pKa values (10.2 and 8.1 8 ) greater than the glutamic acid residues of INF7-SGSC, using the two in combination would be expected to result in a masking of any pH-mediated activation of INF7-SGSC.
However, when both agents were applied simultaneously chloroquine did not appear to inhibit the actions of INF7-SGSC. Although INF7 is known to have some residual membrane activity at neutral pH, 9 the level of transfection achieved by co-application was greater than additive, implying a synergistic interaction ( Figure  3 ). This unexpected effect was observed for all cell lines examined (including HepG2 human hepatoma cells and A2780 human ovarian carcinoma cells; data not shown). The combination treatment did not mediate appreciable cytotoxicity, with all cultures greater than 90% viable, compared with controls. When 293 cells were exposed to agents for different lengths of time, the synergism was apparent even after 1 h, and showed a steady increase up to at least 5 h, showing a similar time-profile as the enhancement due to INF7-SGSC alone (Figure 3) . It therefore seems possible that one of the agents applied may be exerting a previously undocumented effect, possibly after the endosomal stage of the delivery pathway. A similar synergism has previously been reported for transfection of HeLa cells by chloroquine with a rhinovirusderived peptide, although the precise mechanism was not defined. 12 When co-applied with DOTAP/DNA, both chloroquine and INF7-SGSC mediated inhibition of transfection efficiency of 293 cells (Figure 4a ) and HepG2 cells ( Figure  4b) , with an indication that co-application resulted in further inhibition. This behaviour is quite distinct from the situation using pLL/DNA complexes, and may support the suggestion that lipid/DNA complexes need to dissociate in order for the DNA to be suitable for transcription, 13 perhaps during close interaction with the cell membrane. Microinjection of cationic lipid/DNA complexes directly into the cytoplasm of Xenopus oocytes is known to mediate no significant gene expression, and the inhibitory effect of chloroquine/INF7-SGSC suggests it may be acting to promote cytoplasmic transfer of intact DOTAP/DNA complexes, bypassing a possible obligatory lipid-stripping stage at the cell membrane.
Injection of free DNA directly into the cytoplasm of Xenopus oocytes gave no measurable gene expression, although injection of the same amount of DNA complexed with pLL resulted in significant levels of expression. There was a clear molecular weight effect for the pLL component, with higher molecular weight pLL preparations resulting in much greater expression than small pLL (Figure 5a ). It is possible that this reflects the more highly positive zeta potential of complexes formed with higher molecular weight pLL, 14 consistent also with the greater expression determined using pLL/DNA complexes formed at higher charge ratios (data not shown). This is compatible with the observation that most nuclear-localisation sequences are strongly cationic, frequently containing sequences of six lysine or arginine residues which are thought to bind selectively to acid regions of the nuclear-import protein karyopherin ␣.
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Hence it is conceivable that sequences of pLL exposed on the surface of the complexes might contribute to enhanced nuclear delivery. An alternative explanation could be that complexation to pLL results in protection of DNA from degradation by nucleases. 16, 17 and this could underlie the greater transfectional activity determined.
pLL/DNA complexes, formed at a charge ratio of 4.0 and injected directly into the cytoplasm following mixing with INF7-SGSC, showed a substantial increase in their transfection efficiency (Figure 5b ). The effect was found to depend on the amount of INF7-SGSC used, and increased up to the maximum concentration employed (80 m); 80 m INF7-SGSC is the same as the concentration used routinely for preparation of complexes for in vitro transfection, although the precise amount of INF7-SGSC that becomes electrostatically associated with complexes in the in vitro situation is not known. Chloroquine (up to 500 m, 13.8 nl per oocyte) co-injected into the cytoplasm with pLL/DNA complexes showed no effects on gene expression, although the highest concentrations used resulted in significant frequency of cell death.
Injection of complexes directly into the nucleus gave much greater gene expression than intracytoplasmic injection, and also significant inter-replicate variation. pLL/DNA complexes showed lower levels of gene expression than DNA alone, with further decreases at higher charge ratios (Figure 6a ). These results are interesting to compare with those of Zabner et al, 13 who found that intranuclear injection of cationic lipid/DNA complexes gave efficient transcription at a charge ratio of 1, but no discernible signal at a charge ratio of 5, concluding that dissociation of the lipid/DNA complex is a prerequisite for transcription. Comparison of the data certainly suggests that pLL/DNA complexes formed at high positive charge are easier for the cell to handle within the nucleus than corresponding lipid/DNA complexes.
Intranuclear injection of pLL/DNA complexes preincubated with INF7-SGSC again showed increased expression that was greater at higher levels of the peptide (Figure 6b ). The reasons for this are unclear, although the net negative charge on the peptide might enable it in some way to destabilise the structure of the complex and make it easier to transcribe. Conversely, intranuclear injection of INF7-SGSC with free DNA showed a slight inhibitory effect on gene expression, although the reasons for this are presently unknown. Direct intranuclear injection of chloroquine (up to 500 m, 13.8 nl per oocyte) together with pLL/DNA complexes did not lead to increased gene expression.
Application of INF7-SGSC with pLL/DNA complexes to cells can result in up to 100-fold increase in transfectional activity, thought to represent the endosomolytic activities of the peptide. Interestingly, although these haemagglutinin-derived peptides are widely assumed to disrupt membranes through pH-dependent formation of amphipathic helices, 9 their ability to absorb protons during protonation of weakly acid residues could contribute to a pH-buffering effect usually ascribed to chloroquine and other agents acting via the so-called 'proton sponge' hypothesis. 18 In considering the transfectional synergy demonstrated between INF7-SGSC and chloroquine it may be reasonable to suppose that the two agents mediate lytic activities on different subpopulations of intracellular vesicles. Freely diffusible chloroquine is likely to accumulate in all acidified vesicles, while nonmembrane-diffusible INF7-SGSC peptide will be restricted to the subpopulation of vesicles which are invaginated during the incubation period. However, even proposing that endosomolytic activities of the two agents are mediated in separate populations of vesicles would predict at most an additive effect on transfection, and does not anticipate the clear synergy demonstrated here.
The post-endosomal effect of INF7-SGSC, increasing transcriptional activity of pLL/DNA complexes in the cytoplasm and in the nucleus, could contribute to its transfectional synergy with chloroquine. Although there could be several mechanisms, it is suggested that INF7-SGSC may facilitate transcription by negative chargemediated destabilisation of the pLL/DNA complexes. Preliminary evidence using fragments of INF7-SGSC and another unrelated anionic oligopeptide is compatible with this possibility (data not shown). Although the effects demonstrated are relatively modest, mediating only three-to four-fold stimulation overall, such postendosomal activity would be expected to synergise with endosomolytic actions of chloroquine, and could form the basis of the synergy observed.
